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Abstract 
In this paper we present a spatial optimization model that comprehensively models carbon capture and s torage (CCS) 
infrastructure, from source -to-sink.  The model optimally and simultaneously chooses at which sources and how much CO2 
should be captured, at which reservoirs (or sinks) and how much CO2 should be injected and stored, where a pipeline network 
should be constructed and at what capacity, and how to distribute CO2 among the networked sources and reservoirs.  A key 
contribution of the model is the ability to link sources and reservoirs using a realistic and capacitated pipeline network.  
© 2008 Elsevier Ltd . All rights reserved  
Keywords: Type your keywords here, separated by semicolons ;  
1. Introduction 
In this paper we present a spatial optimization model that comprehensively models carbon captu re and storage 
(CCS) infrastructure, from source-to -sink.  CCS infrastructure can be divided into the three components; capture, 
transportation, storage.  Carbon dioxide (CO2) can be captured at fixed source points such as coal and gas power 
plants, cement  works, and oil refineries.  The captured CO2 is compressed to a supercritical liquid and transported 
through dedicated CO2 pipelines; pipelines are the only economical transport mode for moving large volumes of 
CO2.  The CO2 is then injected and stored (or sequestered) in underground reservoirs (or sinks), such as depleted oil 
and gas fields, unmineable coal seams, and saline aquifers.  Consequently, the CO2 is stored away from the 
atmosphere, hopefully for hundreds or thousands of years or more.  CCS is c onsidered a core technology for 
reducing CO2 emissions to the atmosphere because (a) the technology is currently available (though not necessarily 
cost-effective), (b) it can act as a bridging technology until effective alternative fuels are in place, and (c) it is a 
mitigation strategy that can be quickly implemented without major changes to our economic and energy systems (for 
example, coal can still be used in power stations and oil refined in the same manner).  
 
The CCS infrastructure model in this paper  addresses seven key concerns while deploying the three CCS 
components: deciding where to capture CO2 and how much to capture at each CO2 source; where to inject and store 
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CO2 and how much to inject in each reservoir/sink; where to construct a dedicated pi peline network and with what 
pipeline capacities; and how to efficiently allocate CO2 between the sources and reservoirs.  It is critical to consider 
these decisions simultaneously because they are highly interdependent.  Comprehensive source-to -sink 
infrastructure models will be critical in assisting decision -makers on how to deploy CCS infrastructure.  These 
models will ensure that as much CO2 as possible is stored or sequestered, that the infrastructure is deployed in an 
efficient and effective manner, and that CCS will be a reliable and robust technology for environmental mitigation.   
 
A dedicated CO2 pipeline network is central to being able to comprehensively model CCS infrastructure.  For 
instance, the pipeline network allows the CCS system to take a dvantage of the economies of scale by using trunk 
line pipelines.  The pipeline network is also essential for any infrastructure solution to be considered feasible—
without the network it can not be known if a chosen set of sources and sinks can be linked e ffectively or even at all.  
The pipeline network also allows us to address other critical questions, for example, addressing how adaptable a 
regional CCS system to changing CO2 demands and policy developments.  Our infrastructure model is the first to 
incorporate a realistic and capacitated pipeline network and is such the first and only comprehensive CCS 
infrastructure model.  
 
We demonstrate the model using real data for the state of California, capturing CO2 from power plants, oil 
refineries and cement works, and storing the CO2 in depleted oil and gas fields.  The pipeline network is constructed 
using a new network generation methodology specifically developed for the purpose of CCS modeling.  The routing 
costs are estimated using a widely accepted cost surface and pipeline construction and engineering costs.  
2. Network modeling  
CCS infrastructure modeling is similar to other network optimization models where an optimal set of sources and 
sinks are chosen, as well as an optimal set of arcs (or links) from a candidate network.  The sources, sinks, and 
network arcs all have a fixed cost (for instance, the CCS technology or rights -of-way for pipelines) and variable 
costs (cost to capture CO2 or to pump CO2 through the pipelines).  The combination of variable and  fixed cost 
means that the CCS model is a fixed-charge network model, making the problem considerable harder to solve than 
many other network problems.  
 
Like the majority of network problems, we have to optimally choose a set of arcs from a candidate set o f arcs.  
However, this candidate set of arcs does not exist for CO2 pipelines.  Thus, we have to generate this set of potential 
CO2 pipeline routes from which we can construct a realistic and capacitated network. This network generation 
methodology,  as far as we are aware, is unique.  This is achieved in five steps: 
(a) Develop a gridded cost surface from which we can identify shortest paths between any two cells in the 
surface. 
(b)  Identify the shortest paths between all sources and sink nodes (including b etween sources and sources, and 
sinks and sinks).  These gridded paths represent low-cost corridors that a potential CO2 pipeline could be 
built.   
(c) Convert the set of gridded shortest paths to a vector network, a network consisting of nodes and arcs.  
Where two unique gridded paths cross, a network node will be formed.  All sources and sinks are 
guaranteed to be nodes on the network.  
(d)  The raw network formed in (c) contains many duplicative paths, where pairs of nodes are connected by two 
same -cost paths.  These paths are removed and, where a non -source/sink node has only two connected 
paths, superfluous arcs and nodes can bed removed.  
(e) The raw network from (d) typically contains a dense set of arcs, particularly where sources/sinks are 
clustered.  The dense part of the networks can be refined by removing and adjusting paths with little or no 
change in network cost, but giving a dramatic reduction in the size of the network.  
 
Optimally setting a set of arcs from a candidate set to form a realistic CO 2 pipeline network is a difficult 
optimization problem.  Moreover, without a methodology to identify a set of potential pipeline routes is impossible 
to develop a realistic and capacitated pipeline network. Consequently, other approaches to modeling CCS 
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in frastructure systems have highly approximated the pipelines, for example, using straight line distances between 
sources and sinks.  In fact, no other existing CCS model generates a pipeline network at all.   
3. Mixed integer linear program 
The CCS infrastruct ure model is formulated as mixed integer linear programming (MILP) model.  MILP 
provides an ideal way to solve complex network problems with discrete and continuous decisions.  Discrete 
decisions, binary 0 -1 variables, include whether to capture or store C O2 at a source or sink, and whether to build a 
pipeline or not between two nodes on the candidate network.  Continuous decisions include selecting the amount of 
CO2 to capture at a source, pump through a pipeline, or to store in a reservoir.  The MILP model was first presented 
in Middleton and Bielicki (2008):  
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DECISION VARIABLES  
ijx  = Units of CO2 transported from node i to node j (tonnes)  
ijdy   1, if a pipeline is constructed from node i to node j with diameter d 0, otherwise  
is   1, if source at node i is opened  0, otherwise  
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jr   1, if reservoir at node j is opened  0, otherwise  
ia  = Amount of CO2 produced at node i (tonnes)  
jb  = Amount of CO2 sequestered/stored at node j (tonnes)  
 
INPUTS  
sF , pF , rF  = Fixed cost for opening a source, constructing a pipeline, or opening a reservoir ($) 
sV , pV , rV  = Variable cost for capturing CO2 from a source, transport through a pipeline, or into a reservoir ($ per tonne) 
sQ , pQ , rQ   = CO2 capacity of a source node, pipeline, or reservoir (tonnes) 
T  = Target amount of CO2 to be sequestered (tonnes) 
 
SETS 
iN , jN  = Nodes adjacent to nodes i or j 
R  = Reservoir nodes  
S  = Source nodes  
D  = Pipeline diameters 
   
 
The objective function (1) minimizes the cost to capture, transport, and inject/store CO2.  Set of constraints (2) 
and (3) ensure that CO2 can only be transported between nod es i and j on the candidate network if a pipeline is built 
between nodes i and j (yijd), and that the CO2 flow (xij) must be between the pipeline maximum and minimum flow 
capacities.  Constraint set (4) ensure that the amount of CO2 entering each node i on the network (i.e., from another 
node through a pipeline or from a CO2 source) must leave that node (i.e., through an exiting pipeline or a reservoir 
at that node).  These constraints are the mass balance constraints ensuring that the total amount of CO2 entering the 
network equals the amount leavi ng the network, as well as ensuring that CO2 is correctly routed through the 
network.  Constraint set (5) ensures that the amount of CO2 capture at node i is equal to or less than the supply of 
the source at node i.  Constraint set (6) ensures that the amount of CO2 injected/stored at node j is equal to or less 
than the capacity of the reservoir at node j.  Constraint (7) sets the target capture amount for the CCS system by 
forcing T amount of CO2 to enter the system through the set of sources.  Constraints (8) are an option set to ensure 
that only one pipeline of any capacity is built between and node pair; these constraints can be used to either speed up 
the solving of the MILP model or to reflect a real world policy.  Constraints (9) through (11) are bina ry constraints 
ensuring that a source, sink, and pipeline is either fully opened (value = 1) or not at all (value = 0).  Constraints (12) 
through (14) ensure that CO2 flows from a source, though a pipeline, and into a reservoir are always non -negative. 
4. Scenario 
Here we present an example application of the model to CO2 storage in deep -sea basalt formations.  At sufficient 
ocean depths (below approximately 2700 m of seawater), CO2 injected into offshore basalt flows combines the 
potentially permanent isolati on of CO2 that storage in deep sea sediment offers –  gravitational trapping (Levine et 
al., 2007) and CO2 hydrate formation (House et al. 2006) – with stable carbonate mineralization reactions of 
seawater, CO2, and Mg -Ca silicate rocks (Goldberg, et al, 20 08).  Two potential deep -sea basalt storage locations 
are chosen to be approximately 300 km west and 320 southwest of Astoria, Oregon (Goldberg, 2008).  These 
storage locations are shown offshore in Figure 1.  
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Twelve CO2 sources from the Westcarb (2008) d atabase were chosen (three refineries, three cement 
manufacturers, six power plants (4 natural gas, 2 coal)) and are shown in red in the left panel of Figure 1.  With an 
estimated 90% capture, approximately 20.8 MtCO2¬/year is available for storage.  The c apture and transport costs 
are estimated by Middleton and Bielicki (2008), and the storage costs are based on a $400,000 dayrate for a 250,000 
bbl/day floating production and storage rig.  This throughput capacity is much less than the estimated capacity o f 
each of these storage reservoirs (Goldberg, 2008), and serves as the constraint on storage.  
5. Results 
The right panel in Figure 1 shows the optimized deployment of these twelve CO2 sources and two deep-sea 
basalt reservoirs for a 15 MtCO2/year system.  The pipelines that are deployed are chosen from the set of standard 
pipeline diameters; the thickness of the lines in the right panel indicates the diameter of the pipeline.  As can be seen 
from Figure 1, CO2 flows from multiple sources are being aggregated i nto trunk pipelines.  The deployed routes are 
chosen from the candidate network (in blue in the left panel).  In the right panel, the amount of CO2 that is captured 
at each source is shown in white, and the amount that is stored in each reservoir is shown in red (only red wedges 
are visible in the storage reservoirs).  As such, the right panel in Figure 1 shows the optimal transfer of CO2 from 
point sources to injection reservoirs through a networked pipeline system.  
 
Figure 1: Model applied to CO 2 sources in the US Pacific Northwest: Potential sources, reservoirs, and candidate network route s (left), with 
optimized deployment for 15 Mt CO 2/year system  (right), set against cost surface  
R.S. Middleton, J.M. Bielicki / Energy Procedia 1 (2009) 1611–1616 1615
6 Author name / Energy  Procedia 00 ( 2008) 000–000 
As the CO2 system capacity changes, th e deployed infrastructure changes and evolves.  Since CCS is a 
complicated interaction of technologies, each with their own cost structure and potential for returns to scale, coupled 
together over space (Bielicki, 2008), an average cost curve can be constr ucted.  The average cost curve, shown in 
Figure 2 shows the estimated cost -quantity relationship.  The decrease of costs until about 10 MtCO2/year indicates 
the potential for increasing returns to scale for this scenario; the increase in costs above 10 MtCO2/year indicates 
where decreasing returns to scale set in.  
6. Conclusions 
The CCS infrastructure model we have presented here is a critical tool for helping decision-makers in the process 
of deploying CCS technologies.  Significantly, the model incorporates a realistic and capacitated pipeline network.  
Consequently, for the first time, we can comprehensively examine the entire CCS system right from source-to -sink.  
This comprehensive strategy allows decisions makers to make more informed decisions, allows the CCS system to 
take advantage of economies of scale and drive down CCS costs, and allows users to analyze realistic CCS 
networks.   
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Figure 2: Average cost curve for optimized deployment of the scenario in Figure 1 
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